The presence of nanoparticles in heat exchangers ascertained increment in heat transfer. The present work focuses on heat transfer in a longitudinal finned tube heat exchanger. Experimentation is done on longitudinal finned tube heat exchanger with pure water as working fluid and the outcome is compared numerically using computational fluid dynamics (CFD) package based on finite volume method for different flow rates. Further 0.8% volume fraction of aluminum oxide (Al2O3) nanofluid is considered on shell side. The simulated nanofluid analysis has been carried out using single phase approach in CFD by updating the user-defined functions and expressions with thermophysical properties of the selected nanofluid. These results are thereafter compared against the results obtained for pure water as shell side fluid. Entropy generated due to heat transfer and fluid flow is calculated for the nanofluid. Analysis of entropy generation is carried out using the Taguchi technique. Analysis of variance (ANOVA) results show that the inlet temperature on shell side has more pronounced effect on entropy generation.
Introduction
In present day vigorous research has been going on in the field of nanotechnology. Nanoparticles mixed in the base fluids are showing great augmentation of heat transfer characteristics. These nanoparticles have a large surface area per unit mass compared to large particles and thereby when added to a fluid, they admirably enhance the thermophysical properties of the fluid. Promising results of nanofluids have been reported in the literature over conventional fluids for heat transfer in industrial applications. The immense literature available to this day, one can easily evaluate the properties of a nanofluid treating it as a single phase fluid. This approach was affirmed by several numerical investigations carried out in finding the difference between the properties of a nanofluid by treating it as a single phase fluid against two phase fluid. Entropy generated due to heat transfer and fluid friction is another field to contemplate in order to reduce the irreversibility's.
Thermal and hydraulic performance were carried on a car radiator for water and ethylene glycol based nanofluids [1] . Lee et al. [2] has found that thermal conductivity is observed for water and ethylene glycol based CuO and Al 2 O 3 nanofluids compared to that of the base fluids. Naraki et al. [3] and Peyghambarzadeh et al. [4] studied the behavior of CuO nanoparticles in laminar flow. Wang et al. [5] has observed that thermal conductivity and heat transfer was enhanced due to increase in concentration. Similar observation was noticed with the works of Eastman et al. [6] in thermal conductivity compared to the corresponding base fluids for 5% V/V of nanoparticle concentration by 60%. Wang et al. [7] in his work observed that the usage of 3% volume concentration of nanoparticles augmented effective thermal conductivity by 12% whereas Masuda et al. [8] reported 20% augmentation in thermal conductivity for same concentration. From different investigation it is observed that single phase approach is appropriate for Al 2 O 3 and TiO 2 nanofluids. Keshavarz et al. [9] modeled the fully developed laminar flow of nanofluids in computational fluid dynamic (CFD) by assuming constant heat flux and unconcealed heat transfer dependence on concentration of nanofluid. The results of simulation showcased nearly 10% variation from experimental results at concentrations of 1%, 2%, and 4% for different particle diameters and reaffirmed that heat transfer augments with the increase in concentration of nanoparticles. Demir et al. [10] concluded that heat transfer is augmented by the nanoparticles. Das et al. [11] has noticed aluminum oxide (Al 2 O 3 ) up to a concentration of 4% behaves as Newtonian fluid. It is noticed that not much work has been done towards numerical study of nanofluid to optimize its coolant behavior in a heat exchanger. Statistical analysis is carried out on carbon nanotube coated fin by Senthilkumar et al. [12] and it is observed that temperature data obtained from experiment and statistics were in close agreement. Singh et.al., have investigated and confirmed that fluid irreversibility are more in pipes of lower diameter compared to thermal irreversibility [13] . The entropy increment as a measure of energy degradation in heat transfer realized in typical surface heat exchangers so entropy helps in evaluating the performance of heat exchangers [14] . The objective of the present work is to compare experimental results against numerical data collected at experimental rig. The numerical model represents longitudinal finned tube heat exchanger with water on both the tube and shell side. The same model is used for simulation with nanofluid on the shell side and water in the tube. Further, the parameters more responsible for reducing the entropy generated in the tube side is carried out 
Experimental setup and procedure
To facilitate the experimentation, a longitudinal finned tube heat exchanger as shown in Fig. 1 The governing differential equation 'continuity equation' derived from conservation of mass principle, the 'momentum or Navier-Stokes equation' derived from conservation of momentum principle and the 'energy equation' derived from conservation of energy principle were the three conservation principles used in development of the mathematical model. These fundamental equations along with appropriate initial conditions and boundary conditions were solved to understand various fluid and heat flow characteristics prevailing in the heat exchanger. Finite volume method is employed by using first order upwind scheme. The continuity equation given for steady state flow of a compressible fluid is
where ρ is the density of the fluid, U i is the velocities in three directions of x,y,z as pointed by i = 1, 2, 3. The momentum equation given for steady state flow of a compressible fluid is
where P is the pressure, µ and µ T are the dynamic and turbulent viscosity, respectively, (i, j = 1, 2, 3). The energy equation given for steady state flow of a compressible fluid is
where T is the temperature, c p is the specific heat capacity, k and k T are the thermal and turbulent conductivity, respectively, j = 1, 2, 3. Numerically these equations are solved with appropriate turbulence model. The k-ε turbulence model, from linear eddy viscosity models, proposed by Launder and Spalding [15] , is used in several linear and nonlinear eddy viscosity models. Easy convergence, good accuracy with reduced numerical efforts made the model an apt one [16] . It is a two equation model with k indicating the turbulence kinetic energy and ε indicating the turbulence eddy dissipation. For dimensional homogeneity, turbulent viscosity, µ T , may be expressed as [17] 
where C ′ µ is a constant at high Reynolds numbers and l s is the length scale calculated by using the trace of volumetric rate of dissipation of kinetic energy, ε. At high Reynolds numbers ε may be assumed to be proportional to k 3 2 /l s [17] .
Solution procedure
The governing equations (1)- (3) (continuity, momentum and energy equations) are solved using commercial computational fluid dynamics software ANSYS CFX 15 along with the following assumptions:
1. Steady state conditions are assumed for the flow of water within the tube and around the tube (shell side flow).
2. Fluids is considered in single phase with equivalent thermophysical properties of a two phase fluid (nanoparticles in base fluid).
3. Outer tube of longitudinal finned tube heat exchanger is assumed to be well insulated and thereby it is treated as an adiabatic wall.
4. The material of fins and inner tube (copper) is assumed to have an isotropic nature.
5. The most common in CFD k-ε turbulence model is considered for simulation in order to reap the benefits of having reasonable accuracy and fast convergence competency with decreased numerical effort.
Modeling
A multiplatform computer-aiding design (CAD) modeling software CATIA V5R20 (computer aided three-dimensional interactive application) was used for preparing the model of longitudinally finned tube heat exchanger. In order that the CAD model replicates the experimentation dimensions of the heat exchanger adequate care is taken and the model as shown in Fig. 2 is considered. 
Mesh topology
Four zones (2 fluids and 2 solids) are selected to form a new part in design modeler so that interfaces will be automatically created as shown in Fig. 3 . Meshing was done in ANSYS ICEM CFD software package for mesh generation with following preferences as shown in Tab. 1. In order to investigate the best suited mesh density, analysis was repeated for several mesh densities and the propinquity of results were observed for all these mesh densities. It was observed thatthe mesh independent solution is obtained for nodes 9, 28, 315 and elements 28, 254, 561.
Thermophysical properties of nanofluid
Density of nanofluids at different concentrations was proposed by Cho [18] and compared with the 'digital density meter' readings and concluded that the equation proposed can be used for finding the density of a nanofluid and is given as
where ρ p and ρ f refer to the density of nanoparticle and base fluid, respectively, and ϕ denotes the volume fraction. Koo and Kleinstreuer [19] proposed correlations with the consideration of Brownian motion, which have been used for calculating the thermal conductivity of nanofluids, k nf , in the present study
where T is the temperature and r p is the radius of the nanoparticle. The viscosity of the nanofluid was calculated by using Batchelor correlation [20] as very dilute suspensions were used in the present work, hence the dynamic viscosity is given as
where µ f is the dynamic viscosity of base fluid. The dynamic viscosity of selected nanofluids is calculated by the Eq. (8) is based on the volume fraction of nanoparticles ϕ, and thermal conductivity of the particle k p and base fluid k f . The following equation that is applied to calculate the volume concentration of nanoparticles in the base fluid
where V is the volume, m is the mass, ρ is the density, and subscripts n and f refer to nanoparticles and base fluid, respectively. Differential scanning calorimetry is generally used to estimate the specific heat capacity. In this paper, the correlation given by Xuan and Roetzel [21] was used to facilitate the ease of determining specific heat capacity at various concentrations of the selected nanofluid
Here as before subscripts n and f refer to nanoparticles and base fluid, again. Most of the nanofluids manifest near linear increase in thermal conductivity when particle volume concentrations were increased. For water based Al 2 O 3 nanofluid, at volume concentrations of 0.2, 0.75, 1.0, 1.25, 1.5, 2.0, and 3.0 vol%, the augmentation of thermal conductivities when compared to base fluid were observed to be 0.3%, 2.0%, 2.5%, 3.1%, 3.7%, 4.6%, and 7.4% respectively. The thermal conductivity values are found to be greater than the values predicted by a classical model like Hamiltone and Crosser model [22] . However, the thermal conductivity values were in near agreement with measured values of Turgut et al. [23] and Yu and Choi [24] . Aluminium oxide nanoparticle properties are shown in Tab. 2. 
Boundary conditions, solving and post processing
The solid and fluid domains created in CFX are assigned; on the shell side nanofluid (Al 2 O 3 +water) is considered and plain water on tube side. The effective properties like thermal conductivity, dynamic viscosity, specific heat and density for nanofluid were hooked up by user-defined functions socalled 'user functions' and 'CEL expressions'. Other boundary conditions were Inlet: Constant temperature with 5% turbulence is considered for different flow rates; Outlet: zero gauge pressure is considered (relative to atmospheric pressure); Wall:
Stationary wall with no slip conditions and adiabatic on outer shell side as it is covered with thermal resistant material. Applied ANSYS CFX solver is a hybrid finite-element/finite-volume discretization solver, consisting of the discrete approximation of the volume and surface integrals of the Navier-Stoke's equations in steady state along with continuity and energy equation, applied to each control volume. Thermophysical properties variability with iterations will be countered by User functions and 'CEL expressions'. The solution is iterated for 6000 to 9000 runs with the convergence criteria of 10 −6 . Temperature contours, velocity contours and pressured drop (using mass-avg function) can be viewed in post processing. 
Entropy generation
whereṁ and ρ are the mass flow rate and density of the fluid, respectively, f is the friction factor, Nu, Pr, and Re D are the Nusselt, Prandtl, and Reynolds numbers, respectively. As can be seen the total entropy generation rate is contributed by two parts, thermal and fluid frictioṅ
Equation (11) also shows the importance of Nusselt number Nu and friction factor f , which are different for different geometry and regime of flow, and so also the overall entropy generation rate.
In the numerical investigation for the given mass flow rate and diameter, Reynolds number is found to be greater than 4000 which means that flow is turbulent. 
and Blasius equation for friction factor is given as
From the above Eqs. (12) and (13) we can rewrite Eq. (10) aṡ
Equation (14) helps in finding the entropy generated for different parameters in internal turbulent flow on the tube side. Heat generation can be obtained from post processing results on tube side and all properties are evaluated at average temperature.
Results and discussion
Outlet temperature and logarithmic mean temperature difference (LMTD) are the most significant parameters in deciding the performance of heat exchanger. simulation. Figure 4 shows that both decreases as flow rate enhance. From the trend we can state that the difference between experimental and simulation results for LMTD is utmost 6%.The experimental and simulation difference between hot channel outlet temperatures is of only maximum 2%. So the error percentage obtained from numerical solution by discretization using computational fluid dynamics software to the exact value is within acceptable limit for water as fluid in both shell and tube. Volume fraction of 0.8% Al 2 O 3 based nanofluid is considered on the shell side for CFD analysis, this percentage is found to yield good results according to Qasim Saleh et. al. [27] . LMTD and outlet temperatures on shell side are investigated in simulation by assuming single phase approach on shell side fluid with and without nanoparticles. Figure 6 shows that LMTD value decreases for the nanofluids compared to fluids without nanoparticles, indicating the augmentation of heat transfer. The outlet temperature shows a decrement as shown in Fig. 7 due to the enhanced heat transfer rate by the addition of nanoparticles.
Temperature contours
At 0.0625 kg/s and nanovolume concentration of 0.8% the temperature contours are shown in Fig. 8 . The temperature value is high at inlet and the temperature gradient nonuniform. From the Fig. 8 it can be seen that temperatures on the upper half of shell side fluid is higher than the lower because of the movement of shell side fluid along the longitudinal fins on the surface of the tube.
Velocity streamlines and gradient
It can be perceived from the velocity stream lines contours shown in Fig. 9 that velocity is high on the upper half of shell due to the geometry of the tube. It can be inferred that heat transfer value would be higher on upper side due to high heat transfer coefficient due to augmented convection and turbulence in the flow. The fins on the tube increase the contact surface area and turbulence which serve the purpose of enhancing the heat transfer rate. The increase in the velocity gradient along the fins increases the heat transfer rate and the further the rate is higher at the top of the tube due to the turbulence induced.
Taguchi method
The study to access the impact of process parameters on entropy generation and which parameter has a large impact was analyzed. The process was achieved in the Taguchi method. 'Orthogonal arrays' (OA) provide a set of well balanced (minimum) experiments and their signal-to-noise ratios (S/N), which are logarithmic functions of desired output. This helps in data analysis and prediction of optimum results. Three levels and two parameters are taken based on Taguchi design of experiments L9 orthogonal array (is used to assess the effect of two independent influencing factors having three levels). These levels are the three independent values to be chosen that are equally spaced having a lower value and a higher value. The experimentation is to be performed at these set of values of the given parameters to assess the output of the experiment. The analysis was carried out to parameterize the factors that influence the entropy generation of heat exchanger. Hence most crucial factors like temperature of hot fluid, mass flow rate of hot fluid were prudently selected as variables for the numerical analysis to be performed. Table 4 shows L9 orthogonal array the data collected and analysed for various temperatures and mass flow rates. In the present paper, analysis was carried out to decrease the entropy generation for given flow rates and temperatures. Smaller S/N ratios are considered as it is representative of the lesser entropy generated and is computed using equation
where y is the output and n is the variation observed from the nominal value of the output. The predicted S/N ratio (η) using the optimal levels of the parameters can be calculated as
where η m is the total mean of S/N ratio, η i is the mean S/N ratio at optimum level and p is the list of main parameters (the list of main parameters are inlet temperature and hot mass flow rate). 
Analysis of variance
The purpose of analysis of variance (ANOVA) is to find the significant factors affecting the entropy generation rate. The P-value for each term tests the null hypothesis that the coefficient is equal to zero (no effect). A low p-value (< 0.05) indicates that the null hypothesis can be rejected.
In other words, a predictor that has a low p-value is likely to be a meaningful addition to the model because changes in the predictor's value are related to changes in the response variable. F is the fisher value that gives a similar prediction to the p-value based on fisher tables. R-Sq values have to be higher to ensure that the prediction of the output generated is reasonably good. The higher R-Sq (99.93%) value indicates better fitness of the simulation results to theoretical results. From Tab. 5 it is evident that the 'P' value corresponding to the mass flow rate and hot inlet temperature is below 0.05 and thereby from F index table it is apparent that both the parameters have the influence on entropy generation. It also indicates that inlet temperature has a profound effect due to its low P value. The analysis using ANOVA confirms the results from obtained analysis.
Conclusions
Heat transfer rate is augmented compared to base fluid when the shell side fluid is replaced with 0.8% volume fraction. In the present work experimen- tal and numerical analysis of pure water is carried on longitudinally finned tube heat exchanger and then nanofluid is simulated by user-defined functions in numerical investigation. Entropy generation (second law analysis) is carried for the heat exchanger with nanofluid for different flow rates and temperatures using Taguchi method. S/N ratios obtained from Taguchi method show that the inlet temperature of 331 K and flow rate of 0.05 kg/s is the best input pair for a lower entropy generation of 0.021 W/m K. ANOVA shows that both the factors have a significant effect on entropy generation and temperature has more effect. Furthermore entropy generation analysis can be carried on for varying diameter tubes and concentrations of nanoparticles.
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